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Oculomotor capture can occur automatically in a bottom-up way through the sudden appearance of a
new object or in a top-down fashion when a stimulus in the array matches the contents of working mem-
ory. However, it is not clear whether or not working memory processing can inﬂuence the early stages of
oculomotor capture by abrupt onsets. Here we present clear evidence for an early modulation driven by
stimulus matches to the contents of working memory in the colour dimension. Interestingly, verbal as
well as visual information in working memory inﬂuenced the direction of the fastest saccades made in
search, saccadic latencies and the curvature of the scan paths made to the search target. This pattern
of results arose even though the contents of working memory were detrimental for search, demonstrat-
ing an early, automatic top-down mediation of oculomotor onset capture by the contents of working
memory.
 2010 Elsevier Ltd. All rights reserved.1. Introduction
Evidence demonstrates a strong coupling between working
memory (WM) and visual attention processes: what we have in
mind can determine where to attend and the stimulus features
we select. Provided that information is committed to memory,
WM-biases can occur automatically without any intention on the
part of the observer (see Soto, Hodsoll, Rotshtein, and Humphreys
(2008), for a recent review; see also Woodman and Luck (2007) for
an alternative view). This coupling between WM and visual selec-
tion also has consequences at the oculomotor level. Soto, Heinke,
Humphreys, and Blanco (2005) showed that ﬁrst saccades to a vi-
sual search display can be automatically drawn to the irrelevant
WM-matching object. Interestingly, there are WM effects on atten-
tion stemming from both visual and verbal knowledge. For exam-
ple, semantic associations between an item held in WM (‘key’) and
an item in the search display (‘lock’) may be sufﬁcient to capture
the deployment of the eyes (Moores, Laiti, & Chelazzi, 2003; Huang
& Pashler, 2007). Further, Soto and Humphreys (2007) presented
evidence that semantic relations between verbal WM and visual
displays can occur automatically, even when they are never related
to the relevant search target.
There is evidence that content-based WM effects on visual
selection can arise early on following the appearance of the search
display. Soto et al. (2005) required participants to retain a visualll rights reserved.
science, Charing Cross Cam-cue in memory for a subsequent memory test and perform a visual
search task for a tilted line during the retenting interval. Even
when the memory item was always detrimental for search (i.e. it
always cued a visual item that matched a distracter rather than
the target), search performance was impaired and fewer ﬁrst sac-
cades were directed towards the critical search target when a visu-
ally matching stimulus appeared as a distracter and relative to the
neutral baseline where there was no matching stimulus. This sug-
gests mandatory early orienting of attention to a stimulus match-
ing the WM contents (see also Olivers, Meijer, & Theeuwes, 2006,
for similar results).
The current study is focused on the interaction between WM-
related factors and stimulus-driven factors with regard to the cap-
ture of attention by the sudden appearance of a new object (cf. Jo-
nides & Yantis, 1988; Yantis & Jonides, 1990). Attentional capture
by sudden abrupt onsets inﬂuences early saccadic programming
(Theeuwes, Kramer, Hahn, & Irwin, 1998). There is also evidence
that onset capture can be inﬂuenced by top-down control settings
for a particular search target (Folk, Remington, & Johnston, 1992;
Folk, Remington, & Wright, 1994) with capture being reduced
when the onset item does not match the features of the target that
the subject is searching for.
Evidence from saccadic eye movements has suggested that bot-
tom-up capture occurs early in time – i.e. with the fastest saccades
drawn to an irrelevant salient distracter – whilst guidance by top-
down settings may only impinge saccadic programming later on,
the bottom-up capture effect is completed – i.e. with later saccadic
responses being directed more efﬁciently to the relevant target fea-
tures (cf. Van Zoest, Donk, & Theeuwes, 2004; see also Mulckhuyse,
Fig. 1. Example of trial display sequences.
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irrelevant abrupt onsets can inﬂuence the direction of ﬁrst sac-
cades and slow down the latency of the saccade made to the crit-
ical target, but mainly when the features deﬁning the irrelevant
onset matched with those of the critical target. Their results are
consonant to some extent with the view that capture is contingent
on top-down settings (Folk et al., 1992; Folk et al., 1994). However,
this prior work only assessed the inﬂuence of top-down knowledge
set-up for a target and furthermore, the results do not demonstrate
that early stages of saccadic programming – i.e. indexed by the
direction of the earliest saccadic eye movements – can be inﬂu-
enced in a top-downmanner. To date, the evidence appears to sup-
port the view that early saccadic performance may be more driven
by saliency, whilst only the later saccades may be more susceptible
to the inﬂuence of top-down knowledge set-up for a target (see
Mulckhuyse et al., 2008; Van Zoest et al., 2004; but see Mul-
ckhuyse, Van der Stigchel, and Theeuwes (2009) for an alternative
view).
A critical difference of the current study with regard to prior
work on oculomotor capture by salient signals is that here the fea-
ture cues have to be held in WM. We varied the correspondence
between the WM content and the stimulus array but importantly,
the feature information in WM is not associated with a top-down
setting for a relevant search target (cf. Folk et al., 1992) because
the WM content never matched the to-be-searched target. We ar-
gue that a top-down setting based on feature knowledge for a tar-
get may only exert a ‘weaker’ inﬂuence on attention relative to
active ‘online’ maintenance of the information in WM (cf. Pan,
Xu, & Soto, 2009). The inﬂuence of WM on saccadic programming
has not been explored in detail. From a strict bottom-up perspec-
tive and according to current data, saliency driven by new object
onset ought to capture the eyes regardless of whether it matches
the WM content or not, and the inﬂuence of the WM contents
should only be manifested later in time (cf. Van Zoest et al.,
2004). However, it is possible that matching to the contents of
WM can inﬂuence early stages of oculomotor responses made to
a new onset even when the WM contents are detrimental to per-
formance. This inﬂuence can be indexed by looking at the fastest
saccadic reactions made to the display. The current experiment
was devised to test this idea. We assessed the inﬂuence of visual
and verbal information held in WM. Critically, the use of verbal
WM descriptions allowed the assessment of conceptual WM-based
guidance of oculomotor capture in the absence of visual priming in
early visual regions.2. Methods
2.1. Participants
Eight participants (aged 20–41 years, three females) partici-
pated in this experiment. All of them had normal or corrected-
to-normal vision. Participants were naïve with regard to the pur-
pose of the experiment. Cash was given in return for their partici-
pation at a rate of £8 per hour.1 For interpretation of color in Fig. 1, the reader is referred to the web version o
this article.2.2. Apparatus
Eye movements were recorded using the Eyelink 1000, an infra-
red video-based eye tracker (SR Research), sampling monocularly
at 1000 Hz. Stimuli were presented in 1024  768 pixel format
on a 24” LCD monitor with a refresh rate of 75 Hz. Stimulus presen-
tation and response collection were controlled by a Dell Optiplex
GX270 computer containing an Intel Pentium IV 2.8 GHz processor,
with 1 GB RAM, running E-Prime (Version 1.0; Psychology Soft-
ware Tools [PST], 2002).2.3. Procedure
Participants were comfortably seated 57 cm from the screen
supported by a chin and forehead rest. Calibration of eye position
was performed using a nine-point grid and an eye position drift
offset operation was performed at the beginning of each trial.
Each trial began with the presentation of a ﬁxation cross for
1000 ms followed by a placeholder display presented for 1000 ms
which was composed of three black outline circles presented at
three out of eight potential locations around an imaginary clock
and each circle appeared on any of the four possible 90 quadrants.
The circles subtended 1.8  1.8 of visual angle. The memory cue
display followed for another 2010 ms and consisted of a ﬁlled col-
oured circle or a verbal description (i.e. ‘‘red”) at the centre of the
screen along with the black placeholders. After the disappearance
of the memory cue, the placeholders remained for another
505 ms, when the search items were presented. The search display
appeared when the three black outline placeholders turned into
three different coloured outline circles (either red, green, blue, yel-
low or pink)1. Two of them contained a vertical line and the remain-
ing one contained a tilted bar (the target). In the onset condition, an
additional ﬁlled colour circle appeared among the three outline cir-
cles. The eccentricity of the items in the search display was 6 of vi-
sual angle. The lines were 0.6 in length. The oriented target was
tilted 16 to the left or to the right. The observer was asked make
a saccade to the tilted line in the visual array and to identify its ori-
entation by pressing one of two buttons (one for left and the other
for right responses). Observers were required to be as accurate as
possible within an unlimited time window. A memory test followed
500 ms after completion of the line orientation task. Here, a ﬁlled
coloured object appeared at the centre of the screen and the observ-
ers had to indicate whether it was identical or not to the memory
item. Participants responded ‘same’ if the dimensions of memory
cue and memory probe matched, or ‘different’, by pressing one key
for ‘same’ and another for ‘different’. Example displays are shown
in Fig. 1.
The observer was ﬁrst familiarised with the line discrimination
task and carried out 20 training trials. The memory cue was always
invalid for the search task (i.e. it always matched the irrelevant on-
set and never the tilted target). One third of the trials contained nof
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or not the WM contents, with an equal probability (see Fig. 1). Par-
ticipants received instructions about these contingencies. There
were four blocks of 64 trials each.Fig. 2. Median of the manual search RTs as a function of memory cue type and
onset condition.2.4. Data analysis
Eye movement analysis was carried out off-line using custom
written MATLAB-based software. Firstly, an automatic algorithm
was used to extract saccades (saccade onset deﬁned as eye speed
rising above 30s1 for two or more samples and a criterion of min-
imum ﬁxation duration of 60 ms). Blinks were eliminated from the
trace by visual inspection, and saccade and ﬁxation delineation
checked visually in the record. The resultant ﬁxation positions
and onset and offset times of ﬁxation were stored for further anal-
ysis. Trials on which the eye position deviated more than 2 from
the central ﬁxation point before the search display appeared were
eliminated (3.5%) as were trials with anticipatory eye movements
(initial latencies of < 80 ms, 1.4% of trials) and those with initial
latencies >600 ms (2% of trials). The initial saccade of a trial was as-
signed to a particular item if: (i) the endpoint of the initial saccade
fell within 2 of the item and (ii) the endpoint of the initial saccade
fell within a ‘‘pie slice” of 30 to either side of the straight line con-
necting the centre of the display to the item.
The curvature of the initial saccade was computed by ﬁnding
the area under the curve constituted by the actual saccade trajec-
tory at each sample point, relative to the direct distance between
the central ﬁxation position and the saccade landing position
(see Van der Stigchel, Meeter, and Theeuwes (2006) for review of
curvature methods). In particular, at sample point n, the deviation
perpendicular to the direction of the saccade at n and n_1 was
averaged. This average was multiplied by the distance between n
and n_1 along the direct route of the saccade. In order to normalise
across the varying amplitude of saccades, the area measure was di-
vided by the amplitude of the saccade to obtain a ratio measure of
curvature per unit amplitude.
Trials in which the onset appeared opposite the target – 16% of
trials in each of the two onset conditions – were excluded from the
analysis of curvature. The remaining saccades in the two onset
conditions (WM and simple onset) were divided into two groups:
those in which the onset fell in an anti-clockwise direction from
the target, and those in which the target fell in a clockwise direc-
tion. As saccade is never completely straight, the saccade curvature
in the no onset condition served as a baseline. For clockwise onsets,
saccades trajectories in the no onset condition that deviated in a
clockwise direction (with respect to the straight line formed be-
tween the starting point of the saccade and the target position)
were assigned a positive value, and trajectories that deviated in
an anti-clockwise direction were assigned a negative value. These
values simply served as a baseline and this (no-onset) condition
was not included in the ANOVA of curvature. The sign of the base-
line values were switched when considering anti-clockwise dis-
tractors. In the analysis of target-directed initial saccades,
saccade trajectories that deviated towards the onset were assigned
a positive value, and saccade trajectories that deviated away from
the onset were assigned a negative value. In the analysis of onset-
directed initial saccades, trajectories that deviated towards the tar-
get were assigned a positive value, and trajectories that deviated
away from the target were assigned a negative value.Fig. 3. Percentage of ﬁrst saccades to the target as a function of onset condition in
the verbal condition.3. Results
Behavioural reaction time data and eye movement data were
analysed on trials with correct responses in both search and WM
tasks.3.1. Manual reaction time data
The reaction time data are depicted in Fig. 2. We found that the
presence of an onset matching the WM cue led to slower target
search relative to the simple onset and neutral baseline conditions.
This was conﬁrmed by a 2 (memory cue type: visual, verbal)  3
(typeof onset: no-match,WM-match, none)ANOVAperformedover
the median search reaction times. The main effect of memory cue
type was not signiﬁcant (F(1, 7) = 4.72, p > 0.05). There was a main
effect of onset type (F(2, 14) = 17.02, p < 0.003). There was no inter-
action between the 2 factors (F(2, 14) < 1). Paired t tests indicated
that search latencies were longer with a WM-matching onset rela-
tive to the simple onset (p < 0.01) and the no onset conditions
(p < 0.003). Search performance was also slower in the presence of
a simple onset relative to the no onset condition (p < 0.003).3.2. The percentage of initial saccades landing at the target location
Figs. 3 and4depict thepercentageofﬁrst saccadesdirected to the
target as a function of onset type, for verbal and visual cues respec-
tively. Results showed that initial saccadic performance was inﬂu-
enced by the type of onset. We found a signiﬁcant effect of
memory cue type (F(1, 7) = 9.35, p < 0.05) and a signiﬁcant effect of
onset type (F(2, 7) = 46.0, p < 0.0001). Post hoc contrasts conﬁrmed
Fig. 4. Percentage of ﬁrst saccades to the target as a function of onset condition in
the visual condition.
Fig. 6. Cumulative distribution of initial latencies of saccades made to the target
and onset distractor in the visual condition.
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ﬁrst saccade reaching the target (F(2, 14) = 14.48, p < 0.01) com-
pared to the no onset condition. Importantly, a sudden onsetmatch-
ing theWMcue further reduced the frequencywithwhich the initial
saccade reached the target compared to the simple onset condition
(F(2, 14) = 42.65, p < 0.0001). There was no interaction between
memory cue type and onset type (F(2, 14) = 1.51, p = 0.25).
3.3. Latency and direction the initial saccades
An ANOVA of latencies of initial saccades correctly directed to
the target demonstrated no effect of onset type (F(1, 7) = 2.43,
p = 0.12) or memory cue type (F(1, 7) = 3.23, p = 0.116). Initial sac-
cades directed to the onset were quicker than those to the target in
both onset conditions (no-match: t(7) = 3.81, p < 0.01; WM-match
t(7) = 2.40, p < 0.05). An ANOVA of latencies of initial saccades
incorrectly directed to the onset revealed that saccades to the on-
set matching the memory cue were signiﬁcantly quicker than
those directed to the simple onset (F(1, 7) = 7.29, p = 0.05). Figs. 5
and 6 show the cumulative distribution of initial saccade latencies
to targets and onset distractors, for visual and verbal cueing condi-
tions respectively. To produce the cumulative distributions for
each of the six conditions, the latency of target-directed saccades
for each subject was divided into ﬁve equal groups (quintiles). In
Figs. 5 and 6, quintile proportion (e.g. 0.2, 0.4, 0.6, etc.) is plotted
on the ordinate against mean latency on the abscissa. The mean la-Fig. 5. Cumulative distribution of initial latencies of saccades made to the target
and onset distractor plotted for the verbal cue.tency for each quintile was obtained by averaging over subjects. A
similar analysis was performed for initial onset-directed saccades.
In order to examine whether early saccadic performance can be
differentially inﬂuenced by the two different types of onset we
plotted the probability of the initial saccade being directed to the
onset as a function of saccade latency. Figs. 7 and 8 illustrate the
probability of initial saccades made to the onset as a function of
saccade latency, for verbal and visual cues respectively. Here the
proportion of initial saccades directed to the target or the onset
was calculated for each successive 20% section of the saccade la-
tency distribution for each subject. The mean proportions of sac-
cades and their latencies were then obtained by averaging across
subjects. A 2 (memory cue type: visual, verbal)  2 (type of onset:
simple onset, matching onset) ANOVA carried out over the ﬁrst
quintile – saccades about 200 ms from search onset – revealed a
main effect of onset type (F(1, 7) = 21.36, p < 0.005). There is a
higher probability of an initial saccade being directed to the onset
in the case of the onset matching the cue compared to the simple
onset condition for the fastest saccades.
3.4. Curvature of the initial saccades directed to the target
To examine the effect of latency on saccade curvature, the cur-
vature of initial saccades directed to the target was calculated forFig. 7. Probability of the initial saccade being directed to the onset as a function of
saccade latency in the verbal condition.
Fig. 8. Probability of the initial saccade being directed to the onset as a function of
saccade latency in the visual condition .
Fig. 10. Curvature of initial target-directed saccades as function of saccade latency
in the visual condition.
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each subject and the mean curvature and latencies obtained by
averaging across subjects. Figs. 9 and 10 depict the pattern of cur-
vature of initial saccades directed to the target as a function of sac-
cade latency in both verbal and visual cueing conditions
respectively. It is evident from these graphs that an onset matching
the WM-cue results in signiﬁcant saccade curvature towards the
onset. A 3-way repeated measures ANOVA of curvature with prime
type, onset type and latency quintile as factors conﬁrmed a main
effect of onset type (F(1, 7) = 41.2, p < 0.005). Importantly, for the
ﬁrst quintile, curvature towards the target was signiﬁcantly greater
for the matching onset than the simple onset (ts(7) > 4; ps < 0.001)
for both memory cue conditions. Using saccade curvature in the no
onset condition as a baseline (verbal prime = 5.8, s.e.m. = 9.7; vi-
sual prime = 6.3, s.e.m = 13.1)), curvature in the ﬁrst quintile
deviated signiﬁcantly from the baseline only for the matching on-
set (t(7) = 3.1, p < 0.01) but not for the simple onset condition
(t(7) < 1, p > 0.05). The 3-way ANOVA also revealed a main effect
of quintile (F(4, 24) = 53.9, p < 0.005) with greatest curvature to-
wards the onset for the shortest latencies. There was also an inter-
action between onset type and quintile (F(4, 32) > 6, p < 0.05). It is
clear from Figs. 9 and 10 that the saccade latency had a much
greater inﬂuence on curvature for the WM-matching onset thanFig. 9. Curvature of initial target-directed saccades as function of saccade latency in
the verbal condition.for the simple onset. There was no main effect of memory cue type
(F(1, 7) < 1, p > 0.05) but there was an interaction between memory
cue type and onset type (F(2, 14) = 4.8, p < 0.05), with a greater dif-
ference between the two types of onset for the visual prime condi-
tion (the mean curvature difference between the two types of
onset is 47.4 for the verbal prime versus 109.8 for the visual prime
t(7) = 5.2, p < 0.05).3.5. Curvature of the initial saccades directed to the onset
A 3-way repeated measures ANOVA of curvature for prime type,
onset type and quintile as factors revealed no main effect of mem-
ory cue type, onset type or quintile (Fs(1, 7) < 2; ps 0.05).3.6. Direction of saccades not landing on target or onset
In order to examine whether the saccades that did not land
either on the target or the onset could still be inﬂuenced by the
two different types of onset, we calculated the angular difference
between two straight lines – the ﬁrst line connecting the centre
to the ﬁrst ﬁxation location, and the second line connecting the
centre to the onset position. This calculation yielded the angular
difference between ﬁrst ﬁxation and onset position for those trials
in which the initial saccade did not land on the target or onset. This
calculation was repeated to calculate the angular difference be-
tween ﬁrst ﬁxation and target position for those same saccades.
In this analysis the data from the two types of cue condition were
merged, in order to increase sample size and given that memory
cue type did not seem to affect the pattern of eye movements
across the different onset and memory-matching conditions. A his-
togram of angular differences is plotted for the simple onset
(Fig. 11) and matching onset conditions (Fig. 12). It is evident that
in trials containing a simple onset, saccades that did not land on
target or the onset were nevertheless directed away from the sim-
ple onset (upper panel, Fig. 11), as the largest bin occurs for sac-
cades in the direction directly opposite to the onset. The angular
difference from the target position is shown in the lower panel of
Fig. 11 for comparison. By contrast, when the onset matched the
item in WM, no saccades were made to locations opposite the on-
set, and the vast majority fell within 90 of the onset direction
(Fig. 12). We argue that the saccades directed away from the onset
(in the simple onset condition) may result from broad inhibition of
the onset location and that this inhibition is abolished or delayed
in the matching onset condition (see below for further discussion).
Fig. 11. Histogram showing the distribution of directions for saccades that did not
land either on the target or the onset for the simple onset condition. Direction of
initial saccades were calculated relative to the onset direction (upper panel) or
relative to the target direction (lower panel).
Fig. 12. Histogram showing the distribution of directions for saccades that did not
land either on the target or the onset for the memory-matching condition. Direction
of initial saccades were calculated relative to the onset direction (upper panel) or
relative to the target direction (lower panel).
S.K. Mannan et al. / Vision Research 50 (2010) 1590–1597 15954. Discussion
The main ﬁndings of the current study are:
(i) SRTs and manual responses to the target were slowed by the
presence of a WM-matching onset compared to the simple
onset and no onset conditions.
(ii) WM-driven oculomotor capture was evident in the fastest
saccadic responses, with a higher probability of an initial
saccade being directed to the irrelevant onset when itmatched the WM contents; in line with this, the probability
that the fastest saccade was directed to the target was dis-
proportionally lower when the onset matched the WM cue.
(iii) Initial short-latency target-directed saccades curved
towards the WM-matching onset; however, in the simple
onset condition such short latency saccades showed no sig-
niﬁcant curvature towards the onset.
Oculomotor capture by new onsets was greatly inﬂuenced by
whether the onset matched the contents of WM, despite these
being irrelevant for the search task. The effects cannot be ac-
counted in terms of visual priming from the mere repetition of
the visual memory cues in the search array, since the WM effect
on visual selection was equally driven from verbal as well as visual
representations in WM (cf. Soto & Humphreys, 2007; see also
Huang & Pashler, 2007). Moreover, Soto, Humphreys, and Rotsh-
tein (2007) demonstrated that priming and WM effects on visual
selection reﬂect the operation of qualitatively different neural
mechanisms, with ‘passive’ visual priming leading to reduced acti-
vation in superior frontal and temporal memory areas, whilst
matching to the WM contents was associated with enhanced acti-
vation in the same area (e.g. the superior frontal gyrus, parahippo-
campal gyrus and early visual cortex). Also, several studies point to
the suggestion that weak or null effects of visual priming on visual
search are observed when the memory cues are passively viewed
but not committed to WM (Olivers et al., 2006; Soto & Humphreys,
2006, 2007; Soto, Humphreys, & Heinke, 2006; Soto et al., 2005). It
is possible that the enhanced activation in memory areas of the
superior frontal gyrus, parahippocampal gyrus and visual cortex,
through the representation of the WM cue in the search display,
could have provided a strong bias signal over the oculomotor
system.
The current ﬁndings are in agreement with the biased competi-
tion model of visual selection (Desimone, 1998; Desimone & Dun-
can, 1995), according to which the contents of WM are critical to
bias the competitive interactions for neural resources between dif-
ferent sources of sensory stimulation. According to this model
WM-related activity can impinge on the activity of visual represen-
tations in extra-striate and striate areas (Chelazzi, Miller, Duncan,
& Desimone, 1993; Motter, 1993), with this WM-based reinforce-
ment biasing selection in favour of the representation that matches
the WM content. Interestingly, this top-down bias of selection by
the contents of WM can occur in a rather involuntary way with lit-
tle intention on the part of the observer, even when the WM con-
tents are irrelevant for search performance – as in the current
study. Overall, the general picture emerging from these data is
broadly consistent with an automatic coupling between WM and
visual selection (Soto et al., 2008).
4.1. WM effects on oculomotor capture
The current ﬁndings suggest that oculomotor capture can be
strongly inﬂuenced by the matching between the contents of
WM and the visual array. It extends prior suggestions that oculo-
motor capture may be contingent on feature target knowledge by
demonstrating early modulation even when the WM contents are
not linked to the relevant target feature. Numerous studies have
demonstrated that a sudden onset is most salient at initial onset
times but that its ability to inﬂuence saccadic planning declines
quickly with time (e.g. Godijn & Theeuwes 2002; Mulckhuyse
et al. 2008; Edelman & Xu, 2009; Hunt, von Mühlenen, & King-
stone, 2007; Ludwig & Gilchrist, 2003a; McSorley, Haggard, &
Walker, 2006). The suppression of onset-related activity is com-
monly attributed to top-down inhibitory processes (see Van der
Stigchel et al., 2006). Interestingly, here we found that when the
onset matched the item in WM there was a really high probability
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adic latencies (300–350 ms). This suggests that the automatic cap-
ture of the eyes by items matching the contents of WM (Olivers
et al., 2006; Soto et al., 2005) is sufﬁcient to overcome the inhibi-
tory process of onset suppression.
4.2. The time-course of the WM-driven effects on the latency and
direction of saccades
Clearly, the WM effect impinged upon early stages of saccadic
performance, at least under the current experimental conditions.
This result has important implications for models of saccadic pro-
gramming and oculomotor capture. It has been suggested that bot-
tom-up capture of the eyes occurs early in time, with the earliest
saccadic reactions drawn purely by salience (cf. Mannan, Kennard,
& Husain, 2009; Van Zoest et al., 2004, see Mulckhuyse et al., 2008),
here deﬁned by the new appearance of an onset stimulus. Accord-
ing to these models, top-down factors may only affect saccadic
programming at a late stage when the saccadic response is slow
and only after initial saliency effects by the abrupt onset have
elapsed. Of note, this prior work only assessed the inﬂuence of
top-down knowledge set-up for a target. We have argued that a
top-down effects on attention based on feature knowledge set-up
for a target may exert ‘weaker’ inﬂuences on attention relative to
active ‘online’ maintenance of the information in WM (cf. Pan
et al., 2009). In the current experimental conditions, the visual
and the verbal memory cues were held in WM and under these
conditions a clear and early modulation of saccadic performance
was observed. Intriguingly, early saccades directed to the target
curved towards the WM-matching onset – and continued to do
so for unusually long saccadic latencies whilst in the simple onset
condition the earliest saccades showed no systematic curvature to-
wards the onset. Below we present an account of how this pattern
of results could come about.
In this study, the presence of an onset did not increase the la-
tency of target-directed (correct) primary saccades compared to
the no onset condition. While some studies have found that the
presence of a simple onset slows the latency of such saccades
(e.g. Mulckhuyse et al., 2008; Irwin et al., 2000; Godijn & Theeu-
wes, 2002a), other studies have not found this result (Boot, Kramer,
& Peterson, 2005; Ludwig & Gilchrist, 2002; Ludwig & Gilchrist,
2003a). It has been suggested that there is a limited temporal win-
dow within which a sudden onset may delay the initiation of a sac-
cade (Ludwig & Gilchrist, 2003a). We note that the time window of
the saccadic performance in the current study ranged from 200 to
500 ms whilst in prior studies the bottom-up inﬂuences started
about 130 ms from search onset (Mulckhuyse et al., 2008), a differ-
ence which may be explained by the nature of the dual task and
WM load requirements of our study. It is possible that the rela-
tively longer latencies resulting from the dual task and the WM
requirements of our study can explain why we did not ﬁnd that
latencies of correct initial saccades to the target were slowed rela-
tive to the no onset condition. In line with the previous literature,
initial saccades directed to the onset were quicker than those ini-
tiated to the target, consistent with the notion that information
from exogenous cues may impinge upon saccades generation be-
fore top-down goal directed information. We also found that sac-
cades to the onset matching the memory cue tended to be
quicker than to the simple onset. Moreover, our data from saccade
direction on the fastest oculomotor responses and saccade curva-
ture provides clear evidence for an early top-down modulation of
onset capture by matches to the contents of WM.
How early can the WM content inﬂuence the oculomotor sys-
tem? It is important to note that WM-driven effects on the initial
saccadic reactions in the present study were observed under con-
ditions where overall saccadic performance was relatively slow,at least relative to that observed in prior studies on the topic,
where capture was observed earlier in time (see Godijn & Theeu-
wes, 2002; Mulckhuyse et al., 2008; van Zoest et al., 2004, for evi-
dence of oculomotor capture in the range of 130–175 ms after
array onset). In the current study, oculomotor capture arose after
200 ms. It is important to note, however, that according to a strict
bottom-up model of attention, oculomotor capture ought to be ini-
tially inﬂuenced by bottom-up factors and only after bottom-up
inﬂuences are completed, then top-down factors can play a role
(cf. van Zoest et al., 2004). Our study demonstrates that top-down
effects stemming from WM-related activity do not necessarily fol-
low bottom-up activity and can indeed inﬂuence early stages of
oculomotor capture by abrupt onsets. It remains open the possibil-
ity that WM processing can bias initial oculomotor responses at
even fastest response latencies (i.e. <200 ms). Also, it remains an
open question whether oculomotor capture effects in the current
protocol reﬂect the inﬂuence of the WM content per se or the inte-
gration of onset and WM-related signals – something not ad-
dressed in this study. Future work is needed to address these
questions. For now we conclude that, at least under certain condi-
tions, initial oculomotor reactions to salient onset items can be
inﬂuenced by matches to the WM contents.
4.3. Saccade curvature and parallel programming of saccades
Target-directed initial saccades were curved towards a sudden
onset only when the onset matched an item stored in WM. Devia-
tions towards a distractor are thought to result from competitive
interactions between populations of neurons coding for the pres-
ence of the target and distractor within areas such as the superior
colliculus (SC). Port and Wurtz (2003) recorded from pairs of neu-
rons during sequential presentation of two targets separated by
short temporal intervals. They found that curved saccades were
correlated with sequential neural activity such that neuronal activ-
ity in a neuron A followed by activity in neuron B was associated
with a saccade landing at target B that curved towards target A.
In terms of our experiment this would imply that, when the onset
matched the item in WM, neuronal activity associated with the on-
set would precede activity associated with the target in SC. Curva-
ture towards to the WM onset was greatest for short latency
saccades. Such a relationship was ﬁrst revealed by McSorley
et al. (2006) where faster saccades were shown to deviate towards
a (non-onset) distractor and slower saccades away. In this study
however, curvature towards the WM onset was maintained even
for the longest latencies. The study of curvature away from a dis-
tractor has been the focus of many recent papers. Ludwig and Gil-
christ (2003b) presented a single distractor that could be identical
or dissimilar to a single target. Unlike our study, the target and dis-
tractors were presented at separate pre-deﬁned locations. They
found that when the onset of the distractor preceded the target,
or when the saccade was delayed, goal-directed saccades curved
away from the distractor, with greater curvature for distractors
matching the target. Predictable distractor locations (Doyle &
Walker, 2001; Walker, Haggard, & McSorley, 2006), longer saccadic
latencies (McSorley et al., 2006; Godijn & Theeuwes, 2002;
Mulckhuyse et al., 2009; Walker et al., 2006), and distractors close
to the target location (Van der Stigchel, Meeter, & Theeuwes, 2007)
can lead to curvature away from non-target locations. Taken to-
gether, such ﬁndings suggest that deviation away is cause by
top-down inhibition of the distractor location (see Van der Stigchel
et al. (2006) for a review). According to this hypothesis, curvature
towards the distractor occurs in the absence of top-down inhibi-
tion, and usually only occurs at short latencies (McSorley et al.,
2006; Mulckhuyse et al., 2009; Walker et al., 2006). In our study
the automatic capture by an onset matching an item in WM ap-
pears sufﬁcient to overcome top-down inhibition of the onset.
Table 1
Supplemental eye movement data.
Target Verbal
Memory
cue
Visual
Memory
cue
A
Amplitude of initial saccades
directed to the onset ()
Simple onset 3.82 (.20) 3.42 (.23)
Onset matching
memory cue
4.71 (.35) 4.68 (.44)
B
Duration of second ﬁxation No onset 156 (24) 168 (18)
Simple onset 98 (12) 107 (11)
Onset matching
memory cue
212 (22) 206 (21)
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consistent curvature away from the simple onset (cf. Godijn & The-
euwes, 2002) initial incorrect saccades to the onset were signiﬁ-
cantly shorter in the simple onset condition (t(7) = 8.22,
p < 0.0001, Table 1A) compared to the WM match condition, and
these hypometric saccades were followed by short ﬁxations on dis-
tractors compared to the other two conditions (Fs(2, 14) > 5;
ps < 0.05, see Table 1B). According to Godijn and Theeuwes
(2002), if top-down inhibition of the distractor location arrives
too late to stop the onset of the saccade then the effect of the
top-down inhibition may be to curtail the amplitude of the exoge-
nous saccade. We argue that the reduced saccade amplitudes and
the brief ﬁxation time on the no-matching onset condition may
be the effect of top-down inhibition of the onset location. This
did not occur in the WMmatching condition, however, where both
saccade amplitude and the ﬁxation duration of second saccades did
not differ from the no onset control (ps > 0.05).
Taking together the current ﬁndings indicate that WM can exert
a strong modulatory inﬂuence on oculomotor capture. Irrelevant
onsets signals that otherwise would be inhibited or discarded
within the visual system, can make the eyes curve towards them
and inﬂuence early saccadic responses through matches to the
contents held in memory. The ﬁndings are broadly consonant with
the idea that WM contents, at least under certain conditions, can
guide early stages of visual selection in a rather automatic way
(Soto et al., 2008).Acknowledgments
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